We present a continuous-wave-pumped fiber optical parametric amplifier, operating near 1539 nm in conventional dispersion-shifted fiber, with maximum on -off gain and wavelength-conversion efficiency of 13.7 and 13.1 dB, respectively. In addition, we show a novel configuration based on Raman amplification assistance in the parametric gain fiber that further increases the gain and wavelength-conversion efficiencies to 16.7 and 16.2 dB, respectively. © 2001 Optical Society of America OCIS codes: 190.4970, 190.5650, 190.4370, 060.2330. Currently there is great demand for optical amplif ication and wavelength conversion in commercial f iberoptic networks. Optical amplification in the C band (1530-1565 nm) is synonymous with erbium-doped fiber amplifiers, and amplification over arbitrary wavelength regions has been extensively demonstrated in fiber Raman amplif iers.
Currently there is great demand for optical amplif ication and wavelength conversion in commercial f iberoptic networks. Optical amplification in the C band (1530-1565 nm) is synonymous with erbium-doped fiber amplifiers, and amplification over arbitrary wavelength regions has been extensively demonstrated in fiber Raman amplif iers. 1, 2 Although the majority of interest has been directed at amplif ication schemes for wavelength-division multiplexing, simultaneously research has been carried out on optical time-division multiplexing and the associated need for single-channel, large-bandwidth amplif iers. Nonlinear interferometric devices based on semiconductor optical amplif iers are currently attracting the most attention for use in wavelength-conversion applications. 3 However, drawbacks of these amplif iers include the inability to tune the converted channel wavelength and the added complexity of clock-signal pulse synchronization.
Alternatively, both amplif ication and wavelength conversion have been obtained in f iber optical parametric amplif iers (FOPAs), based on four-wave mixing. 4 -7 These devices can operate in any spectral region, provided that a suitable gain f iber is available, and may f ind application in single-channel, large-bandwidth telecommunications. As FOPAs require relatively large pump powers, most of the work to date has been based on pulsed pump sources. 4, 5 Complications arise in pulsed configurations as a result of pumpsignal walk-off and the corresponding need for synchronization. These problems can be avoided in cw-pumped configurations, provided that adequate pump powers are attainable. One such cw-pumped system was demonstrated in conventional dispersionshifted fiber (DSF), although a maximum gain of only 5 dB and a conversion efficiency of 4 dB were reported. 6 Recently, larger gain and a wavelength-conversion eff iciency of ϳ49 dB were demonstrated in a cw-pumped system with a highly nonlinear, small-core fiber. 7 In this Letter an eff icient cw-pumped FOPA is described in which gains and wavelength-conversion efficiencies of up to 13.7 and 13.1 dB, respectively, were obtained in conventional DSF. In addition, a counterpropagating pump laser was simultaneously launched into the FOPA to enhance the gain of the system through Raman amplif ication. By use of this novel, Raman-assisted FOPA configuration, gains were increased by up to ϳ8 dB, resulting in a maximum gain of 16.7 dB.
The experimental configuration of the Ramanassisted FOPA is depicted in Fig. 1 . A 2.1-km DSF with a zero-dispersion wavelength of ϳ1537 nm was used as the gain medium. The parametric pump consisted of a cw tunable f iber Raman ring laser with a linewidth of 0.23 nm and an output power of 7.8 dBm, which was subsequently amplif ied in an erbium-doped fiber amplifier up to 2.2 W. We chose the linewidth of this pump source to minimize the effect of stimulated Brillouin scattering but found that it broadened the signal spectrum in the amplification process. It was experimentally determined that the optimum pump wavelength for four-wave mixing in the DSF was 1538.6 nm, and therefore all amplif ier measurements were made with this pump wavelength. The signal consisted of a cw tunable laser (TL) that operated from 1500 to 1580 nm at a power of 6 dBm. The signal and the parametric pump were multiplexed in an optical coupler, which transmitted 51% of the pump and 40-43% of the signal, and launched into the gain fiber via an optical circulator (OC1). The maximum parametric pump power coupled into the gain f iber was 0.93 W at an erbium-doped f iber amplif ier (EDFA) output power of 2.2 W. Polarization controllers (PCs) were used to adjust the polarization of the signal and the parametric pump. The second pump laser, providing Raman gain, consisted of a commercial cascaded f iber Raman laser operating at 1455 nm, which was coupled into the gain f iber via a second optical circulator, OC2, in a counterpropagating pump-signal conf iguration, with residual Raman pump power extracted by OC1. The maximum Raman pump power launched into the gain fiber was 1.28 W. OC2 was also used to extract the signal after amplif ication, which was then analyzed in an optical spectrum analyzer. Amplif ier on-off gains were determined as the ratio of the signal powers at the amplif ier output with the pump(s) on and off. Amplifier gain spectra were obtained for various pump powers over a range of signal wavelengths. The input signal power of 6 dBm is believed to induce some level of saturation in the amplifier, which is, therefore, outside the small-signal regime. We adjusted the polarization of both the parametric pump and the signal to provide optimum gain for each measurement, as the gain was found to be significantly polarization sensitive, as expected. Similarly, on-off wavelength-conversion efficiency spectra for various pump powers were determined as the ratio of the wavelength-converted signal (idler) power with the pump(s) on to the signal power with the pump(s) off. To understand the hybrid Raman-parametric amplification process, we also investigated the dynamics of the parametric pump by measurement of the residual pump powers after the gain fiber.
The on-off gain prof iles of the 6-dBm probe signal with wavelength are presented in Fig. 2 . Figure 2(a) shows the gain spectra for a postcirculator parametric pump power of 0.42 W and the effect of Raman assistance for postcirculator Raman pump powers of 0.59 and 1.28 W. The Raman gain prof iles of the system without parametric pumping are also shown for reference. Similarly, Fig. 2(b) shows the gain spectra for a postcirculator parametric pump power of 0.93 W with and without Raman assistance. The maximum parametric gain of the amplif ier, without Raman assistance, was 13.7 dB. Without parametric amplification, the Raman gain increased almost linearly with wavelength in the region of interest, with gains ranging from 4.1 to 6.2 dB and 1.9 to 2.8 dB for Raman pump powers of 1.28 and 0.59 W, respectively. The maximum hybrid gain was 16.7 dB, which was obtained with a parametric pump power of 0.93 W and a Raman pump power of 1.28 W.
The parametric and Raman-assisted parametric gain spectra have two peaks, at 1532 and 1546 nm, that are symmetric abut the pump wavelength. Each of the gain regions has a 3-dB bandwidth of ϳ6 nm. Increased pump powers resulted in gain peaks that were spectrally displaced farther from the parametric pump wavelength. This effect is believed to occur because the high pump intensities in the f iber core alter the nonlinear refractive index and, thus, the phase-matching condition between the parametric pump and signal. 8 A comparison between Figs. 2(a) and 2(b) shows that the additional gain from Raman assistance decreases when the parametric pump power is increased. This observation suggests that the Raman gain is saturated as a result of Raman pump depletion caused by the increased parametric pump power, as discussed in Ref. 9 . This suggestion is supported by measurements of the Raman on-off gain experienced by the parametric pump, without a probe signal present, as depicted in Fig. 3 . As can be seen from the f igure, the Raman gain decreases as the parametric pump power increases, demonstrating Raman gain saturation. Even a parametric pump power of 0.42 W induces a level of saturation.
It is interesting to note that, in the case of a parametric pump power of 0.42 W, as in Fig. 2(a) , Raman assistance leads to an additional gain that is greater than the corresponding Raman-only gain. For example, at a wavelength of 1532 nm the gain increase due to a Raman pump power of 1.28 W is 8.2 dB, whereas the corresponding Raman-only gain is 4.4 dB. This discrepancy suggests that the Raman pump is providing gain preferentially to the parametric pump over the signal. This inference is based on previous work that indicates that the parametric gain coefficient in silica fibers is typically two times larger than the corresponding Raman gain coefficient. 8 This suggestion is further supported by the lack of asymmetry observed in the Raman-assisted parametric gain spectra, which would otherwise be expected from the sloped Raman-only gain spectra. The on-off wavelength-conversion eff iciency spectra had prof iles similar to those of the on-off gain spectra, with peaks centered around 1532 and 1546 nm with 3-dB bandwidths of ϳ5 nm. Raman gain saturation and spectral shifts of the peak wavelength-conversion eff iciencies were also observed, and the discussion above concerning Raman assistance is equally valid in this case. Without Raman assistance, a maximum conversion efficiency of 13.1 dB was achieved. The highest conversion eff iciency of 16.2 dB, corresponding to an output power of 42 mW, was obtained when the amplif ier was parametrically pumped at a power of 0.93 W and Raman pumped at a power of 1.28 W.
The signal transmission loss of the system over the gain region of interest was 5.7 -6.1 dB, of which ϳ3.8 dB can be accounted for by the choice of optical coupler. As a result, the maximum in -out gain and wavelength-conversion efficiency of the amplif ier were determined to be ϳ10.9 and ϳ10.4 dB, respectively.
An intensity noise level as high as ϳ15% (standard deviation) was observed on the cw Raman ring laser that was used as the seed source for the parametric pump, resulting in an amplifier noise performance that is inadequate for telecommunication applications. However, this seed source could be replaced with an appropriate commercial stabilized source, such as a diode laser, and suitable noise performances should be obtainable, as reported in Ref. 7 . In addition, signal impairment owing to double Rayleigh scattering is expected to be negligible as a result of the short fiber length employed. 10 A cw-pumped fiber optical parametric amplif ier operating near 1539 nm in conventional dispersionshifted f iber, with maximum gain and wavelength-conversion eff iciency of 13.7 and 13.1 dB, respectively, is reported. In addition, a novel Raman-assisted FOPA has been demonstrated, with increased overall gain and wavelength-conversion eff iciency of up to 16.7 and 16.2 dB, respectively. For a 0.42-W parametric pump power, Raman-assistance resulted in increases of up to 8.2 dB in gain and wavelengthconversion efficiency. As the parametric pump power was increased, the additional Raman-assisted gain decreased owing to saturation.
Higher gains and wavelength-conversion eff iciencies are expected with further coupler optimization. The powers and linewidths of the laser sources used in this experiment were such that appropriate diode lasers could be substituted into the system to create a more compact, cost-effective device. At present this Raman-assisted FOPA is effective as a laboratory amplifier, although improvements would be necessary before application to telecommunication systems.
